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Cell migration on 2D surfaces is governed by a balance between
counteracting tractile and adhesion forces. Although biochemical
factors such as adhesion receptor and ligand concentration and
binding, signaling through cell adhesion complexes, and cytoskel-
etal structure assembly�disassembly have been studied in detail in
a 2D context, the critical biochemical and biophysical parameters
that affect cell migration in 3D matrices have not been quantita-
tively investigated. We demonstrate that, in addition to adhesion
and tractile forces, matrix stiffness is a key factor that influences
cell movement in 3D. Cell migration assays in which Matrigel
density, fibronectin concentration, and �1 integrin binding are
systematically varied show that at a specific Matrigel density the
migration speed of DU-145 human prostate carcinoma cells is a
balance between tractile and adhesion forces. However, when
biochemical parameters such as matrix ligand and cell integrin
receptor levels are held constant, maximal cell movement shifts to
matrices exhibiting lesser stiffness. This behavior contradicts cur-
rent 2D models but is predicted by a recent force-based computa-
tional model of cell movement in a 3D matrix. As expected, this 3D
motility through an extracellular environment of pore size much
smaller than cellular dimensions does depend on proteolytic ac-
tivity as broad-spectrum matrix metalloproteinase (MMP) inhibi-
tors limit the migration of DU-145 cells and also HT-1080 fibrosar-
coma cells. Our experimental findings here represent, to our
knowledge, discovery of a previously undescribed set of balances
of cell and matrix properties that govern the ability of tumor cells
to migration in 3D environments.

cell motility � EGF receptor � extracellular matrix �
matrix metalloproteinase

Cell movement is a product of a net force generated by the
actin-based machinery within a cell and transmitted through

membrane adhesions to the extracellular matrix. Studies of move-
ment on 2D surfaces have led to a conceptual (1–3) and compu-
tational (4–7) understanding of how signaling from the cytoskele-
ton and the cell adhesion complexes is coordinated. A significant
feature of cell migration on 2D surfaces is a biphasic relationship
between cell speed and cellular adhesive forces (7). Movement
slows from a maximum at intermediate adhesion strengths as
traction forces decrease (low adhesion force) or when cell detach-
ment becomes inhibited (high adhesion force).

However, cells usually migrate in a 3D extracellular matrix of
fibers and glycosaminoglycans during embryonic development,
pathogen surveillance, and other physiological processes. In con-
trast to the 2D case, the traction forces generated by a cell moving
in a 3D gel are transmitted through cell�matrix attachments over all
surfaces of a cell in contact with the surrounding matrix. Conse-
quently, cells take on a spindle or amoeboid shape as they move
through the pores of varying sizes and as adhesions through integrin
receptors are modulated (8–12). Unfortunately, the conceptual and

computational models developed for migration on 2D surfaces do
not account for the full complexity of migration through a 3D gel
such as the roles of biochemical factors (e.g., the distribution of
cell�matrix attachments over the entire cell), steric factors such as
hindrance by fibers of the matrix, and mechanical factors such as
stiffness of the matrix fibers (e.g., ref. 13). A recent computational
model (14) has predicted that these factors are interlinked and
affect migration at multiple levels, for example modulation of ligand
density affects pore size, matrix stiffness, and forces generated at
the cell–matrix interface.

To understand how these factors are convolved, we investigate
here the migration of DU-145 human prostate carcinoma cells (15),
both parental and EGF receptor (EGFR)-overexpressors, through
3D fibronectin-constituted Matrigel environments (16, 17). We
observe seemingly paradoxical effects of blocking integrin�matrix
adhesion using anti-integrin antibodies as the Matrigel density and
concentration of added fibronectin are varied, contrasting with
expectations from previous understanding for 2D systems. How-
ever, our previously undescribed observations can be accounted for
in terms of a force-based computational model for cell migration in
3D matrices (14).

Results and Discussion
Because cell�substratum adhesion is a governing parameter of cell
migration on 2D surfaces (18) and a predicted parameter of cell
migration in 3D (14), we first investigated how modulating matrix
ligand and adhesion receptor density affected the migration speed
through Matrigel. In 67% Matrigel DU-145 parental cells loco-
moted at a maximum of 12 �m�h in the absence of fibronectin, and
their speed diminished as additional fibronectin was presented in
the 3D matrix (Fig. 1 a and b). The behavior of EGFR-
overexpressing DU-145 cells was qualitatively similar but exhibited
faster migration speed by �2-fold under all conditions (data not
shown). When cell�matrix adhesiveness was reduced by use of an �1
integrin-blocking antibody, migration of the parental and EGFR-
expressing cells (data not shown) displayed a biphasic character in
which the maximum in cell speed shifted to higher fibronectin
concentrations as binding to integrin was progressively inhibited
(Fig. 1c). This behavior is consistent with previous studies of the
effects of integrin�substratum binding inhibition in 2D using an
integrin-blocking peptide (19). Because these observations sug-
gested that movements on 2D surfaces and in 3D gels displayed a
similar balance between low and high adhesive forces, we replotted
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cell speed as a function of an ‘‘adhesiveness’’ parameter, ([L] � [R]),
that incorporates the changes in functional ligand and receptor
density (Fig. 1c). At a given Matrigel concentration, the variations
in fibronectin levels and integrin-binding activity collapse onto a

single curve exhibiting an optimum in cell speed at intermediate
adhesiveness levels, consistent with analogous previous 2D plots
(18, 19). Thus, at first glance we conclude that similar counterbal-
ancing adhesive forces affect cell migration on 2D surfaces and in
3D matrices, implicating a common force-sensing control of the cell
migration machinery.

With this initial foundation, our main goal was to investigate the
influence of effects likely present in 3D but generally not in 2D, such
as steric (e.g., porosity and�or fiber size) and mechanical (i.e.,
stiffness or compliance) properties of a gel (20) that are typically
convoluted in a single term such as matrix density. Lastly, we
determined whether proteolysis was required for migration through
steric barriers posed by an extracellular matrix in which the pore size
is significantly smaller than cellular dimensions. We experimentally
separated the biochemical factors from the steric and biomechani-
cal factors. When DU-145 cells were tracked in matrix of different
densities, migration of both the parental and EGFR-overexpressing
cells showed a biphasic dependence on Matrigel concentration (Fig.
2), with the EGFR-overexpressing cells again moving at approxi-
mately twice the speed of the parental cells under all conditions.
This biphasic behavior can again be interpreted in terms of a
balance between forward and rearward traction forces as the
density of ligand is varied. Our 3D results showing an increase in
speed with EGFR overexpression agree with migration experi-
ments in 2D, which have shown an increase in speed with EGFR
overexpression in DU-145 cells (17).

In 2D systems, a decrease in traction force by reducing integrin
expression (18) or employing an anti-integrin blocking peptide (19)
is balanced by shifting the maximum in cell speed to higher matrix
(ligand) densities, i.e., a ‘‘right shift.’’ To test whether ligand and
receptor levels display a similar relationship in a 3D context, we
challenged DU-145 cell migration with various levels of mAb 4B4,
a �1 integrin-blocking antibody. In striking contrast to the well
established results for 2D substrates, the biphasic curve in 3D for
both DU-145 parental and EGFR overexpressing cells showed a
‘‘left shift’’ toward lower Matrigel concentrations as binding
through �1 integrin is inhibited (Fig. 2). In the limit of excess of
blocking antibody (10 �g�ml or more), cell speed is reduced to 3
�m�h (data not shown). These data therefore indicate that migra-
tion in 2D and 3D can exhibit diametrically opposite behaviors upon
integrin blocking. Instead of compensating for a decrease in the
number of receptors by binding at higher ligand concentrations,
cells in a 3D gel paradoxically appear to shift their maximum speed
to lower traction forces.

Along with the effects of cell�matrix adhesiveness, our recently
published computational model for 3D migration predicts that
matrix stiffness also may modulate cell speed (14). To quantify these
convoluting factors, we measured the viscoelastic properties of gels
assembled at different Matrigel concentrations (Fig. 3a). Over a
range of 50–100% Matrigel, the stiffness of the gel changes linearly
5-fold and is consistent with transmission electron microscopy
(TEM) images that show a corresponding increase in network
density (Fig. 3c and Fig. 5, which is published as supporting
information on the PNAS web site). In contrast to the 5-fold change
in stiffness, the ligand concentration can be reasonably assumed to
change by 2-fold over the same range of Matrigel concentrations
because no other ligands were added. The pore size also varies with
change in Matrigel concentration; however, even at 50% gel
concentration the average pore size is much smaller than the
cellular dimensions (average pore size � 2 �m at 50% Matrigel; see
Fig. 5).

In contrast, when fibronectin (at 0–100 �g�ml) was incorporated
within the matrix, the added ligand had a relatively small effect on
gel stiffness (Fig. 3b). Although the effect was small, the gel still
showed a minor increase in stiffness upon fibronectin addition,
suggesting that fibronectin was in fact getting incorporated in the
matrix rather than simply being trapped in the holes and crevices of
the gel. The changes in Matrigel density here affect the mechanical

Fig. 1. Maximum cell speed is an optimum between oppositely acting adhesive
forces. The adhesivity of DU-145 parental cells to the matrix was modulated by
either adding fibronectin to the matrix or inhibiting binding to integrin with 4B4
antibody. (a) Box-and-whiskers plot with all of the raw data overlaid for DU-145
cell migration under specified conditions. The boxes represent 25th and 75th
percentile with the median shown by the line bisecting the box. The mean is
shown by a black dot inside the box. The whiskers represent 10th and 90th
percentiles of the data. Cell speed values of �3 �m�h come from ‘‘oscillating’’
cells or simply active shape changes rather than actively motile cells. These cells
are ignored from the cell speed analysis shown in b. (b) In 67% Matrigel concen-
tration, cell speeddecreases from12�m�hasfibronectin is includedinthematrix.
As integrin binding is blocked with 4B4 antibody, cell speed displays a biphasic
character in which the maximum in cell speed shifts to higher fibronectin con-
centrations. (c) Cell speed of ‘‘motile cells’’ (see Materials and Methods) over the
range of fibronectin concentrations displays a biphasic relationship with an
adhesiveness factor, L � R. As the number of available receptors decreases, the
loss in integrin activity is compensated by increase in ligand concentration,
resulting in a constant relationship between speed and substrate adhesivity. The
error bars represent SEM in results from five independent experiments where
�15–20 cells were tracked per experiment.
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compliance of this matrix more significantly than they do ligand-
mediated adhesiveness. We conclude from these measurements of
matrix mechanical stiffness that, in addition to contractile force and
the cell�matrix adhesiveness translating contractile force into trac-
tion, matrix stiffness is another critical factor in modulating cell
migration. Because maximal migration speed occurs when the
contractile force and adhesiveness are in a balance permitting most
effective asymmetry in traction from the front of the cell to the rear
of the cell (7, 14), a decrease in adhesiveness caused by integrin-
blocking will shift the location of this optimal balance to a matrix
stiffness yielding commensurate decrease in effective traction force.
Thus, this ‘‘third factor’’ consideration is able to account for the
otherwise-surprising left shift observed in Fig. 2.

In addition to the ‘‘mechanics’’ factor, steric hindrance, prote-
olysis, and cell morphology further contribute to the observed left
shift in the biphasic migration behavior. Upon addition of mAb 4B4
to block �1 integrins, we observe a change in cell morphology from
a more elongated and mesenchymal state to a more rounded,
amoeboid-like state (Fig. 3d; see also Figs. 6 and 7, which is
published as supporting information on the PNAS web site). This
change in shape arises from the decrease of cell�matrix adhesion
and suggests that along with loss of traction the amoeboid-like cells
may have greater difficulty locomoting in sterically hindered envi-
ronments. Thus, in conditions where cells have a weaker adhesion
machinery because of integrin blocking, cell migration could be
enhanced in matrix environments possessing larger pores, reinforc-
ing the left shift resulting from blocking integrin–matrix interac-
tions. This observation may seem contradictory to published results
of HT-1080 cells migrating in 3D collagen gels, where Friedl and
coworkers (10) carried out extensive experiments and careful
analyses and showed the presence of a compensating ameoboid
motility in HT-1080 cells with little or no loss of overall speed.
Further experiments with both HT-1080 and DU-145 cells and a

close analysis of our results suggest that our experiments are in
agreement and provide an additional explanation of the observed
phenomenon in Matrigel. Typical collagen experiments are per-
formed at a collagen density (1–2 mg�ml) that is 10-fold lower than
Matrigel. Scanning electron microscopy shows that Matrigel pre-
sents a much denser and sterically constrained matrix than collagen
I (Fig. 3 e and f). Although cells are able to switch the motility
mechanism from mesenchymal to amoeboid, upon integrin inhibi-
tion or lack of proteolytic activity in collagen matrices, they are
unable to move appreciably in Matrigel matrices in the absence of
proteolysis or integrin expression because of steric hindrances. We
also note that simply by virtue of becoming more spherical, cells are
not inhibited from locomoting (because they are able to do so under
partial integrin inhibition), but rather it is the lack of adhesive
machinery or proteolytic activity that impairs their ability to move
in 3D Matrigel matrices (Fig. 3 g and h; see also Fig. 8 and Movies
1–6, which are published as supporting information on the PNAS
web site). Analysis of our experimental data failed to show any cells
necking down to micrometer or submicrometer dimensions, sug-
gesting that the cells had to use their proteolysis machinery and
were not able to ‘‘squeeze’’ through the existing pores. Alterna-
tively, cells might move through pores of these dimensions by
deforming the matrix and creating open spaces to migrate through.
This option is conceivable given the relatively low storage modulus
(G�) of Matrigel and has been observed in experiments with
endothelial cells forming 3D networks in synthetic peptide gels of
similar shear moduli (A.S., C. E. Semino, and R.D.K., unpublished
data). However, this motility mechanism through submicrometer
pores is also a matter of gel stiffness rather than pore size. Thus, our
assessment is that under our experimental conditions, where Ma-
trigel pore sizes are much smaller than cellular dimensions, pore
size exerts less of an influence on migration than mechanical
stiffness, proteolysis, and integrin expression. Our experimental

Fig. 2. Integrin inhibition shifts
the maximum cell speed to lower
Matrigel concentrations. DU-145
parental (a and b) and EGFR-
overexpressing (c and d) cells were
mixed with different concentra-
tions of Matrigel and 4B4 anti-
body, and the cell speed was mea-
sured for 75–100 cells at each
Matrigel and antibody data point.
a and c show box-and-whiskers
plot of cell speed distribution with
raw data overlaid as described in
Fig. 1. The number of motile cells
varies with both integrin inhibi-
tion and matrix concentration.
The average number of motile
cells decreases with increase in
concentration of anti-integrin
blocking antibody, while average
speed shows somewhat of a bi-
modal behavior with variations in
gel density, reaching a maximum
with intermediate gel concentra-
tion. In the absence of 4B4 anti-
body, the optimal cell speed of the
parental cells was 12 �m�h at 67%
Matrigel and for the EGFR-overex-
pressing cells was 24 �m�h at 60%
Matrigel. The presence of 4B4 an-
tibody slowed cell speed and
shifted the maximum to lower
Matrigel concentrations. In excess
4B4 antibody, cell speed reached a
negligible value (3 �m�h) in both DU-145 parental and EGFR-overexpressing cells. The error bars represent SEM in results from five experiments where
�15–20 cells were tracked per experiment.
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results demonstrate that movement in 3D requires multiple bal-
ances between integrin activity, adhesion ligand density, and matrix
stiffness, as well as proteolysis and steric hindrance. At a minimum,
as shown here, these include a balance between the following: (i)
cell�matrix adhesiveness and cell-generated force; (ii) cell�matrix
adhesiveness and matrix stiffness; and (iii) traction force and matrix
sterics.

A multidimensional landscape plot (Fig. 4) of our experimental
data, illustrates that migration speed is a joint function of two key
system variables: Matrigel density (representing matrix stiffness and
sterics) and fibronectin level (mainly representing ligand density).
In the absence of integrin-blocking antibody (Fig. 4a), a maximum
in motility lies at an intermediate matrix stiffness. At a constant
stiffness, cell speed displays the same biphasic dependence on
adhesion as demonstrated for cell migration on 2D surfaces. A
decrease in adhesiveness caused by blocking integrin receptors (Fig.
4b) is accompanied by a shift in the maximum to higher ligand
concentration and lower matrix stiffness, thus accounting for both
the right shift found in Fig. 1 and the left shift found in Fig. 2. The
dominating influence of stiffness on cell speed found experimen-
tally (Fig. 4c) is predicted by the computational model (Fig. 4d) for
cell movement in 3D matrices (14). At any integrin density, cell
speed increases as matrix stiffness decreases, and an optimal speed
is predicted at high receptor density. Likewise, the left shift in
maximal cell speed to lower matrix stiffness when receptor density
decreases is also seen in the direction of the contour lines predicted
by the model.

Cell migration for 2D systems is influenced by substrate com-
pliance. Pelham and Wang (21) found that 3T3 fibroblast migration
speed on acrylamide substrata was monotonically greater on sur-

faces of decreasing stiffness; this finding could be consistent with
the right-hand side of the biphasic curves we show in Fig. 2. Peyton
and Putnam (22) reported that maximal migration speed of smooth
muscle cells on fibronectin-coated acrylamide substrata occurred
on a less stiff surface for a higher fibronectin level, which appears
to contrast with our results. However, the differences in migration
speed they observed across their various conditions were relatively
small, �2-fold, so possibly smooth muscle cells operate on a much
milder parametric landscape, enabling other cell or substratum
properties to play a relatively more significant role.

Although we have probed cell migration as a function of bulk
matrix stiffness, we realize that matrix heterogeneity and changes
in local stiffness of the gel also may play an important role in
determining the overall landscape of migration. Recent advances
in multiple particle-tracking rheology (23, 24) as well as the use of
nested collagen matrices (25, 26) to probe tension in the proximity
of cells have shown great promise in improving our understanding
of cell–matrix interactions at these length scales.

Finally, an unexplained observation of our experiments is the
2-fold difference in speed between parental and EGFR-
overexpressing cells that display the same amount of integrin at
their cell surface. Many laboratories are attempting to determine
how motility-related signals might be connected (often in
two-way fashion) to the proximally governing biophysical mech-
anisms (22, 27, 28). Because of the great complexity of biochem-
ical signaling networks and of their connections to biophysical
mechanisms by which cell functional responses such as motility
are conducted (29), we are convinced that construction of cell
signal–response models will require multivariate computational
analysis (30, 31).

Fig. 3. Matrigel stiffness and steric properties influence migration. (a and b) The stiffness, G�, of Matrigel was measured for different concentrations of matrix
(a) and for different amounts of exogenously added fibronectin at 67% Matrigel (b). Between 50% and 100% Matrigel, the storage modulus increases 5-fold.
(c) The mean void area decreases as the Matrigel concentration is increased. (d) Aspect ratio (length of major axis�minor axis) of DU-145 parental cells as a function
of mAb 4B4 concentration. The error bars show SEM for 10 different cells. The results for EGFR-overexpressed DU-145 are similar (data not shown). (e) Scanning
electron microscopy images of Matrigel and collagen show starkly different matrix structures at the same resolution. Matrigel stock concentration is �10–12
mg�ml, and collagen I is typically used at a concentration of 1–2 mg�ml. ( f) Collagen I structure at a concentration of 2.8 mg�ml. (g) Although HT-1080 cells show
plasticity in migration in collagen matrices (10), they are unable to migrate when they are unable to either adhere or proteolyse the matrix (see Movies 1–6).
(h) Similar to HT-1080 cells, DU-145 parental cells (EGFR cells show qualitatively similar behavior) show negligible motility in the presence of anti-integrin antibody
or matrix metalloproteinase (MMP)-inhibiting mixture (see Movies 1–6).
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Materials and Methods
Reagents and Materials. 3D matrices were reconstituted from Ma-
trigel (BD Biosciences, San Jose, CA). Matrix binding to integrin �1
was blocked with a mouse mAb 4B4 (Beckman Coulter). Integrin
�1 expression on the cell surface was quantified by FACS analysis
with a 4B4–FITC conjugate (Beckman Coulter). Matrix ligand was
modulated with fibronectin (BD Biosciences). Matrix metal-
loproteinase (MMP) inhibition experiments were carried out by
using 100 �g�ml each of actinonin and GM 6001 (Biomol, Ply-
mouth Meeting, PA).

Cell Culture. Cell migration was measured for a prostate cancer cell
line, DU-145 (32). Enhanced motility was studied with a DU-145
line that expresses exogenously encoded EGFR (15). Both parental
and EGFR-overexpressing cell lines were maintained in DMEM
(Mediatech, Herndon, VA), supplemented with 10% FBS and 5%
penicillin�streptomycin. HT-1080 (fibrosarcoma) cells were main-
tained in DMEM (Mediatech) supplemented with 10% FBS and
5% penicillin�streptomycin.

3D Cell Migration Assay. Flasks of cells were stained with a live cell
membrane dye CMFDA (Molecular Probes), washed 2� with
calcium- and magnesium-free Dulbecco’s PBS, and resuspended in
1 ml of phenol red-free DMEM. The cell suspension (50 �l) was
combined with serum-free DMEM, 4B4 antibody (0, 1.25, 2.5, 5,
and 10 �g�ml), and Matrigel (final concentration of 50%, 60%,
67%, and 75%) to 200 �l final volume. The matrix also contained
�1 million 1-�m sulfate Fluo-Spheres (Molecular Probes), detect-
able at 580�605 nm, as fiduciary markers to assess movement of the
matrix. After 1 h, the matrices were covered with 2 ml of phenol
red-free DMEM and incubated for another 5 h. Cells were imaged
at 25� magnification with a PerkinElmer RS-3 confocal micro-
scope (488 nm). A time-lapse series of images was collected at
15-min intervals for 6 h. Each image consisted of a 100-�m z-stack
at 0.5-�m intervals.

Cell Tracking. The overall average speed of cell migration on 2D and
in 3D matrices was computed by tracking cell position vs. time with
IMARIS (Bitplane, St. Paul, MN), using the built-in spots and
isosurface tracking routines (33). In the 2D assays, cell speed for
each condition was calculated from �600 cells (80–100 cells per
well, 8 wells per condition). In the 3D assays �20 cells were tracked
per experiment. Cells for speed calculation were selected if the cell
centroid moved more than one cell diameter over the period of 6 h.
Cell speed was calculated as average speed of all selected cells in at
least five different experiments. Cells undergoing division or cell
blebbing were ignored from the calculation. Normally the number
of cells dividing or blebbing was �20% of the total cell population
in the gel. The average speed of the fluorescent beads in the matrix
was calculated and subtracted from the average cell speed. To avoid
the typical problems of automated cell tracking, where oscillations
or ordinary shape changes would be considered ‘‘movement’’ by the
software, we used the following strategy:

1. Cells were screened visually before selection and ‘‘obvious’’
nonmoving cells were not selected for analysis.

2. The spots routine in IMARIS allows for variations in size of spots,
and hence generation of very small spots captures the oscilla-
tions in the centroid, whereas larger spots are blind to small
oscillations and shape change. We analyzed our data by system-
atically varying the spot size from 1�10 of cell diameter (�1–2
�m) to1�2 of cell diameter. Only results that were consistent
among all spot sizes were included in the data analysis.

3. Every experiment, at 25� and 40�, was performed in gels with
embedded fluorescent beads to correct for any microscopic or
thermal drift. The final cell speed was subtracted from the bead
movement to correct for any movement due to contraction, drift,
or shape change.

4. All cells were tracked in z-planes in the central part of the gel
(typically three to four cell lengths) away from the top and the
bottom to avoid edge effects.

Fig. 4. The 3D migration land-
scape. (a and b) A contour plot of
experimentally measured DU-145
parental cell speed as a function of
fibronectin and Matrigel concentra-
tions in the absence (a) and presence
(b) of 2.5 �g�ml 4B4 antibody. The
region of highest speed (red zone)
lies at intermediate stiffness and low
adhesion (bottom center) and shifts
to the region of high adhesion and
low stiffness (top left) when integrin
binding is blocked. The rest of the
landscape shifts and accommodates
the changes due to this decrease in
the effective number of available �1
integrins. (c) Experimentally mea-
sured speed of DU-145 parental cells
asafunctionofreceptornumberand
Matrigel stiffness. (d) Model-pre-
dicted dependence of cell speed on
matrix stiffness and adhesiveness
from the computational model of
Zaman et al. (14). The quantitative
differences between computation
and experiment are due to assump-
tions of the model regarding the ap-
proximate number of receptors, the
order of magnitude estimate of pro-
trusion and drag forces, and limita-
tions of the model in capturing the
change in cell shape as a function of
integrin inhibition.
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Rheological Measurements. Stainless steel washer molds (8.5-mm
inner diameter, 0.9-mm high) on squares of wetted parchment
paper (2 � 2 cm) were slightly overfilled with 85 �l of cold, liquid
Matrigel mixed with fibronectin (0, 100 �g�ml). Matrigel solutions
were allowed to gel for 30 min at 37°C. Gels were cut to the height
of the washer with a scalpel blade, and the washer was gently
removed. Cylindrical gels were transferred to the plate of an
AR1000 rheometer (TA Instruments, New Castle, DE) on the
parchment paper, and an 8-mm plate was lowered to the gel surface.
Storage moduli (G�) of gels were obtained over a range of fre-
quencies from 0.1 to 1 rad�s at 0.1 �N�m oscillatory torque.

Estimation of Effective Receptor Numbers and Ligand Density. The
normalized receptor number was calculated from FACS experi-
ments. FITC-labeled mAb 4B4 was used to label �1 integrins. The
total number of available �1 integrins was maximum at 0 �g�ml and
lowest at 10 �g�ml. Increasing the mAb concentration to 20 �g�ml
increased the percent fluorescence signal by �3%. Further increase
of mAb concentration to 30 �g�ml resulted in no net increase in
fluorescence. We calculated the normalized receptor number at
each mAb concentration by assuming that the fluorescence signal
at 20 �g�ml corresponded to �1% available �1 integrin receptors
(�99% blocking as further increase in mAb resulted in no net
increase in fluorescence signal) and that the background fluores-
cence value at 0 �g�ml mAb corresponded to 100% available �1
integrin receptors. Thus, at each mAb concentration the normal-
ized receptor number is equal to

Normalized receptor number

� 1 �

�Fluorescence signal at given mAb conc
� Fluorescence signal at 0 �g�ml mAb)
(Fluorescence signal at 20 �g�ml mAb
�Fluorescence signal at 0 �g�ml mAb)

.

The above formula ensures that at 0 �g�ml the normalized receptor
number has a maximum value of 1, and at 20 �g�ml the normalized
receptor number value is at a minimum.

The concentration of available ligands was calculated by assum-
ing a similar binding constant between integrins and fibronectin as
the binding constant between integrins and all of the other integrin
binding proteins in Matrigel (laminin, collagen, etc). Thus, the total
available ligands was equal to the amount of fibronectin added plus
the concentration of Matrigel (�500 �g�ml at 67% Matrigel).

Mean Void Area Calculation. Matrigel at varying concentrations was
imaged by using quick-freeze deep etch (QFDE). The digital

images were binarized by using IMAGEJ (http:��rsb.info.nih.gov�ij).
The digitized binary images were then skeletonized, and the surface
area covered by the fibers (dark pixels) was calculated. The mean
void area was calculated by taking the reciprocal of the mean
covered area in five independently measured gel samples.

Calculation of Aspect Ratio. The aspect ratio of cells in 3D Matrigel
environment with varying levels of mAb 4B4 was calculated by
collapsing the 3D image onto 2D and approximating the cell shape
as an ellipse. The aspect ratio is the ratio of the length of the major
axis to the minor axis for this ellipse. For an amoeboid cell
(spherical morphology), the aspect ratio3 1, whereas for mesen-
chymal cells (elongated morphology) the aspect ratio is �1.

Computational Model. The details of the model are given elsewhere
(14). Briefly, the computational model predicts the speed and
persistence of cell migration by calculating the total force, repre-
sented as a vector, acting on the cell centroid at each time step (�t 	
600 s). Total force is divided into adhesive forces (Ftrac) acting at the
front and the rear of the cell, protrusive forces (Fprotrusion) from the
cell in a 3D matrix, and resistive forces (Fdrag), viscous drag
experienced by the cell due to the viscoelastic nature of the
extracellular matrix

Ftot � Fdrag � F trac � Fprotrusion � 0.

The model calculates the velocity and position of the cell by using
Newton’s equations of motion and addresses the relationship
between steric resistance and adhesivity for a migrating cell. Our
approach assumes that ligand density is proportional to steric
hindrance and that at very high ligand concentration, the matrix is
too dense for the cells to migrate. Computations were performed
in MATHEMATICA 4.1 (Wolfram Research, Champaign, IL). A total
of 10,000 simulations of 300 time steps each (to simulate �48 h of
migration) were computed on a PIV cluster (Intel, Santa Clara,
CA) . The initial location of the cell in the extracellular matrix and
the protrusion vectors were determined by using a random number
generator.

We thank Prof. Fred Grinnell (University of Texas Southwestern Medical
Center, Dallas, TX) for careful reading of the manuscript and members of
our laboratories for numerous enlightening discussions. This work was
supported by National Institutes of Health Grants R01-GM 57418 (to P.M.)
and P01-HL064858 (to R.D.K.); National Science Foundation Grant NIRT
0304128 (to P.M.); the National Institute of General Medical Sciences
(NIGMS) Cell Migration Consortium (to D.A.L.); the National Cancer
Institute Integrative Cancer Biology Program (to D.A.L.); and NIGMS
Grants 1-R01-GM-076689 (to R.D.K.) and GM069668 (to A.W.). M.H.Z.
was supported by a Sokol Foundation Fellowship.

1. Dobereiner, H. G., Dubin-Thaler, B. J., Giannone, G. & Sheetz, M. P. (2005) J. Appl. Physiol.
98, 1542–1546.

2. Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., Borisy, G.,
Parsons, J. T. & Horwitz, A. R. (2003) Science 302, 1704–1709.

3. Lauffenburger, D. A. & Horwitz, A. F. (1996) Cell 84, 359–369.
4. Dickinson, R. B. & Tranquillo, R. T. (1993) J. Math. Biol. 31, 563–600.
5. Gracheva, M. E. & Othmer, H. G. (2004) Bull. Math. Biol. 66, 167–193.
6. Mogilner, A. & Edelstein-Keshet, L. (2002) Biophys. J. 83, 1237–1258.
7. DiMilla, P. A., Barbee, K. & Lauffenburger, D. A. (1991) Biophys. J. 60, 15–37.
8. Webb, D. J. & Horwitz, A. F. (2003) Nat. Cell Biol. 5, 690–692.
9. Friedl, P. & Brocker, E. B. (2000) Cell. Mol. Life Sci. 57, 41–64.

10. Wolf, K., Mazo, I., Leung, H., Engelke, K., von Andrian, U. H., Deryugina, E. I., Strongin,
A. Y., Brocker, E. B. & Friedl, P. (2003) J. Cell Biol. 160, 267–277.

11. Cukierman, E., Pankov, R., Stevens, D. R. & Yamada, K. M. (2001) Science 294, 1708–1712.
12. Cukierman, E., Pankov, R. & Yamada, K. M. (2002) Curr. Opin. Cell Biol. 14, 633–639.
13. Raeber, G. P., Lutolf, M. P. & Hubbell, J. A. (2005) Biophys. J. 89, 1374–1388.
14. Zaman, M. H., Kamm, R. D., Matsudaira, P. & Lauffenburger, D. A. (2005) Biophys. J. 89,

1389–1397.
15. Xie, H., Turner, T., Wang, M. H., Singh, R. K., Siegal, G. P. & Wells, A. (1995) Clin. Exp.

Metastasis 13, 407–419.
16. Turner, T., Chen, P., Goodly, L. J. & Wells, A. (1996) Clin. Exp. Metastasis 14, 409–418.
17. Mamoune, A., Kassis, J., Kharait, S., Kloeker, S., Manos, E., Jones, D. A. & Wells, A. (2004)

Exp. Cell Res. 299, 91–100.

18. Palecek, S. P., Loftus, J. C., Ginsberg, M. H., Lauffenburger, D. A. & Horwitz, A. F. (1997)
Nature 385, 537–540.

19. Wu, P., Hoying, J. B., Williams, S. K., Kozikowski, B. A. & Lauffenburger, D. A. (1994) Ann.
Biomed. Eng. 22, 144–152.

20. Kuntz, R. M. & Saltzman, W. M. (1997) Biophys. J. 72, 1472–1480.
21. Pelham, R. J., Jr., & Wang, Y. (1997) Proc. Natl. Acad. Sci. USA 94, 13661–13665.
22. Peyton, S. R. & Putnam, A. J. (2005) J. Cell Physiol. 204, 198–209.
23. Kole, T. P., Tseng, Y., Jiang, I., Katz, J. L. & Wirtz, D. (2005) Mol. Biol. Cell 16, 328–338.
24. Atilgan, E., Wirtz, D. & Sun, S. X. (2005) Biophys. J. 89, 3589–3602.
25. Jiang, H. & Grinnell, F. (2005) Mol. Biol. Cell 16, 5070–5076.
26. Grinnell, F., Rocha, L. B., Iucu, C., Rhee, S. & Jiang, H. (2006) Exp. Cell Res. 312, 86–94.
27. Shiu, Y. T., Li, S., Marganski, W. A., Usami, S., Schwartz, M. A., Wang, Y. L., Dembo, M.

& Chien, S. (2004) Biophys. J. 86, 2558–2565.
28. Cox, E. A., Bennin, D., Doan, A. T., O’Toole, T. & Huttenlocher, A. (2003) Mol. Biol. Cell

14, 658–669.
29. Li, S., Guan, J. L. & Chien, S. (2005) Annu. Rev. Biomed. Eng. 7, 105–150.
30. Janes, K. A., Albeck, J. G., Gaudet, S., Sorger, P. K., Lauffenburger, D. A. & Yaffe, M. B.

(2005) Science 310, 1646–1653.
31. Hautaniemi, S., Kharait, S., Iwabu, A., Wells, A. & Lauffenburger, D. A. (2005) Bioinfor-

matics 21, 2027–2035.
32. Stone, K. R., Mickey, D. D., Wunderli, H., Mickey, G. H. & Paulson, D. F. (1978) Int. J.

Cancer 21, 274–281.
33. Veenman, C., Reinders, M. & Backer, E. (2001) IEEE PAMI 23, 54–72.

10894 � www.pnas.org�cgi�doi�10.1073�pnas.0604460103 Zaman et al.


